Abstract: Photocatalytic decomposition of isopropanol (IPA) in air stream in a continuous TiO 2 or Pt/TiO 2 catalyst-coated annular photoreactor was demonstrated to be effective at relatively short detention times. The increase of UV light intensity and retention time improved the decomposition of IPA. However, both the apparent quantum yield for IPA decomposition and CO 2 production were decreased. A mathematical model combining the continuity equations and Langmuir-Hinshelwood (L-H) kinetics was established to adequately describe the reaction behavior of IPA decomposition in the annular photoreactor with various photocatalysts. The apparent quantum yielded can be modeled and calculated for the decomposition of IPA by photocatalytic oxidation in the annular photoreactor coated with TiO 2 and Pt/TiO 2 .
Introduction
Various volatile organic compounds (VOCs) have been emitted from numerous industries process, many of which in common use are toxic and some are considered to be carcinogenic or mutagenic (1) . Recently, a variety of photocatalytic processes have been studied for treating gaseous streams containing VOCs, such as formaldehyde (2) , acetone (3), benzene, toluene, m-xylene (4), methanol, ethanol (5), trichloroethylene and perchloroethylene (6) . However, recombination between electron/hole pairs resulted in low quantum yields for most photocatalytic reactions. Various methods were developed to modify the structural and morphological properties of TiO 2 catalyst by doping several metals, such as Pt (7) (8) (9) (10) , Ag (11) (12) , and Au (13) to enhance the photocatalytic activity of TiO 2 due to the increase of electron transfer rate to the oxidant (10, 13) and enable visible light absorption by providing defect states in the band gap (8, 14) .
Because photocatalytic processes are energyintensive, quantum yield (15) is introduced to evaluate the efficiency of a photocatalytic reaction. Many researchers calculated apparent quantum yields to evaluate the efficiency of the photocatalytic reactions (2, (16) (17) (18) . However, the relationship between decomposition efficiency and quantum yields is rarely discussed in previous literature. In this study, metallic platinum was deposited on TiO 2 particles by photoKeywords: quantum yields; photocatalysis; TiO 2 ; platinum *Corresponding author; E-mail address: ku508@mail.ntust.edu.tw reduction. For investigating the photocatalytic activity of the TiO 2 and Pt/TiO 2 catalysts, gaseous isopropanol (IPA) was photocatalytically decomposed in an annular photoreactor coated with catalyst under various operating conditions, to calculate the apparent quantum yields of IPA decomposition and CO 2 production. IPA was chosen as the target compound in this study because IPA is a common indoor air pollutant, it is a frequently-used solvent in several industries and a compound generating less intermediates during photocatalytic processes (19) . Moreover, the decomposition efficiency and quantum yields for the photocatalytic decomposition of IPA were calculated to establish a more convenient way to evaluate the feasibility of photocatalytic processes.
Experimental and Methods
A half liter of aqueous solution containing 160 g Degussa P-25 TiO 2 particles was held in a 1 L beaker, and then purged with nitrogen to remove dissolved oxygen while being stirred by a magnetic stirrer. A predetermined amount of H 2 PtCl 6 ⋅6H 2 O was dissolved in 20 mL methanol; the methanol solution was then mixed with aqueous solution containing TiO 2 . After the mixed solution was irradiated by 1.43 mW cm -2 UV light, using a GTE F15T8/BLB lamp for 8 hours, about 0.02 g L -1 dioctyl sulfosuccinate used as dispersing agent was subsequently put into the mixed solution and stirred by a sonicator for more than 8 hours. A quartz tube was then impregnated in the mixed solution for about 1 minute before it was taken out and air-dried. The Pt/TiO 2 film coated on quartz 15 tube was then put in an oven isothermally at 300℃ for 2 hours.
IPA inlet
Surface morphology and elemental mapping of coatings on the surface of the quartz tube were observed by a JOEL JSM-6500F field emission scanning electron microscope (SEM) with an energydispersive analysis of X-rays (EDAX). The morphology and the specific BET surface area of the TiO 2 were determined by a Rigaku RTP 300 X-ray diffractometer (XRD) and a Micromeritics ASAP 2000 analyzer, respectively. In this research, the photoreactor system employed consisted of a 20 cm long plug flow annular photoreactor that was made exclusively of Pyrex glass with an effective volume of 1.13 L. The photoreactor used consisted of one 1.5 cm diameter quartz tube housing a GTE F15T8/BLB lamp (365 nm) which was adjusted by a variable voltage transformer and detected by a Spectroline model DRC-100X digital radiometer with a DIX-365 radiation sensor. A schematic diagram of the photoreactor system is shown in Figure 1 . Figure 2 is a schematic of the employed annular photoreactor. Chemicals used in this study were of analytical grade without further purification. The IPA-laden air stream was prepared by extracting IPA vapor by dry air from an isothermal IPA-containing bottle. The IPA-laden air stream was mixed with a humidity-containing air stream and oxygen gas in a gas mixer for maintaining the level of humidity and oxygen. The mixed air stream was then directed into the annular photocatalytic reactor for the study of IPA decomposition. Gas samples were taken for further analyses after the flow rate, pressure, and humidity of the reactor system were steady. A China Chromatography model 8700F GC equipped with a flame ionization detector was used for analyzing the inlet and effluent IPA concentrations in the air streams. The concentration of CO 2 in the effluent streams was determined with an O.I.C. non-dispersed infrared detector.
Results and Discussion
Figure 3(a) and 3(b) show the SEM micrographs of the TiO 2 (P25) and 0.04wt% Pt/TiO 2 . SEM micrographs indicated that the particles on the coatings were spherical without significant difference. However, the photodeposition of platinum on the TiO 2 surface during the reaction was indicated by a color change of particles from white to gray. Figure 3(c) represents the elemental mapping of Pt by EDAX from SEM analysis for 0.04 wt% Pt/TiO 2 coating. As shown in Figure 3 (c), the Pt particles were uniformly distributed on the surface of TiO 2 coatings. The XRD patterns of the TiO 2 (P25) 0.04 wt% Pt/TiO 2 , 0.5 wt% Pt/TiO 2 , and 1.5 wt% Pt/TiO 2 are shown in Figure 4 ; the major crystal phases were anatase (A) and rutile (R) with no obvious new peaks of Pt at 2θ = 40 and 48°, because Pt was well dispersed on TiO 2 . Similar results were reported by He et al. (7) area measurements was only slightly increased, as shown in Table 1 . Photolysis of IPA in air stream by UV irradiation was found to be minimal without the presence of TiO 2 . Similarly, the removal of IPA that contributed to the adsorption on TiO 2 and Pt/TiO 2 during the photocatalytic process can also be neglected. Previous works revealed different results about the effect of UV light intensity on the decomposition of various organic species (3, 20) . In this study, the photocatalytic oxidation of IPA for experiments conducted in the photoreactor with different light intensities and photocatalysts are shown in Figure 5 . The decomposition and mineralization of IPA increased obviously with the increasing light intensity for experiments conducted with various photocatalysts. However, for experiments conducted with light intensity higher than 3.0 mW cm -2 , the decomposition of IPA was kept roughly constant. A possible explanation indicated that the high light intensity applied was excessive in comparison to the amount of catalysts. (4, 21) and our previous studies (22) (23) The equation for describing the decomposition behavior of VOC by UV/photocatalyst process was established in our previous study (22) . As shown in Figure 2 , the distance in the radial direction within the annular UV reactor is represented by r. The variable z represents the vertical distance along the line source, and L is the length of photoreactor. The equation of continuity of IPA in cylindrical coordinates for constant density (ρ) and diffusivity (D AB ) in the photolytic system is as follows:
The reflection or refraction of light at all interfaces was assumed to be negligible. Light was assumed to be emitted from a hypothetical line source located at the center of the lamp. With a series of reasonable assumptions, Equation (1) is reduced to:
The rate expression for a heterogeneous photocatalytic reaction is described by a LangmuirHinshelwood (L-H) kinetic expression:
where K is the dynamic adsorption constant and k is the apparent reaction rate constant and a function of UV light intensity, n is the reaction order with respect to the applied UV light intensity, I. Combining Equations (2) and (3), the continuity equation for IPA in an annular UV reactor operated in steady state is expressed as: (4) By integrating the above equation and regressing with the data for experiments conducted with various initial IPA concentrations and UV light intensities, the values of K, k and n can be calculated to describe the decomposition behavior of IPA in the annular photoreactor and summarized in Table 2 . Similar calculated result is reported by a previous researcher (24) Figure 7 . The calculated decomposition efficiency by Equation (4) for experiments conducted at higher retention time (339 sec) was found to be rather higher than the experimental data possibly, because of the limited active sites on the surface of TiO 2 available for carrying photocatalysis. Hence, the proposed kinetic equation was more applicable for experimental conditions of lower retention time or lower IPA concentration.
The quantum yields ( ), which indicate the light efficiency of processes, was calculated in this study and defined as the ratio of the reaction rate to the absorption rate of photons (15): (5) However, the low quantum yields for the oxidation of pollutants on UV-illuminated TiO 2 interfaces currently prevent the application of photocatalysis (3) . Because the number of absorbed photons was hard to access owing to optical effects such as reflection, scattering, transmission, and absorption, on photocatalyst and support, the apparent quantum yields for heterogeneous photocatalysis were calculated with incident photons. In this study, the reflection or refraction of light at all interfaces was assumed to be negligible. All of the incident photons were assumed to encounter the photocatalyst as absorbed photons. The apparent quantum yields for the decomposition and mineralization of IPA ( I φ and C φ ) are therefore defined as:
(6) Figure 7 . Effect of retention times (τ) on the IPA decomposition by photocatalytic oxidation at various photocatalysts: 280 ppmv IPA, 3.09 light intensity mW cm -2 , 400 mL min -1 flow rate, 10% humidity: key (□), (○), (∆) and (▽) were experimental result using P-25 TiO 2 , 0.04 wt% Pt/TiO 2 , 0.5 wt% Pt/TiO 2 and 1.5 wt% Pt/TiO 2 : (A), (C), (E) and (G) were simulation values using P-25 TiO 2 , 0.04 wt% Pt/TiO 2 , 0.5 wt% Pt/TiO 2 and 1.5 wt% Pt/TiO 2 .
(7)
In Equations (6) and (7), of 3.28 x 10 5 (Joule Einstein -1 ) is the energy of one Einstein of light at 365nm, , τ is the retention time, and are the change of IPA and CO 2 concentrations, respectively. Through a mass balance of carbon, the normalized , is defined as value divided by 3 because IPA is composed of three carbon atoms: Table 3 depicts the apparent quantum yields of IPA decomposition ( ) and CO 2 production ( ) for experiments conducted with various light intensities. Both the apparent quantum yields of IPA decomposition and CO 2 production were decreased, for experiments conducted with the applied incident UV light intensity increased from 1.43 to 4.08 mW cm -2 . The decrease of apparent quantum yields with increasing incident light intensity was possibly attributed to the fact that the limited surface area of the TiO 2 cannot absorb excess light energy. The calculated apparent quantum yields were found to be decreased with increasing retention time, as shown in Figure 8 . However, the apparent quantum yield of CO 2 production was decreased less significantly than in our previous study (26) for the photocatalytic decomposition of benzene in an optical fiber photoreactor, possibly because less organic intermediates were generated for the decomposition of IPA than that of benzene. For experiments conducted with higher UV light intensity and longer retention time, the decomposition and mineralization efficiencies of IPA were elevated. However, apparent quantum yields were lowered. For photocatalytic process design, one of the major difficulties is to evaluate the apparent quantum yield for a desired decomposition efficiency of the target compound in the photoreactor under various operation conditions. In this study, the performance of a photocatalysis reaction system for the degradation of a single compound was modeled by combining the Langmuir-Hinshelwood kinetics with simplified Navier-Stoke continuity equation mentioned above. Rearranged and Integrated, Equation (4) could be written:
The apparent quantum yields ( ) defined as Equation (6) can be coupled with Equation (10): (11) with Langmuir-Hinshelwood kinetics within the apparent quantum yields, it is useful in the engineering of photocatalysis reaction system. 
Conclusion
The photocatalytic oxidation of gaseous IPA in an annular, continuous flow, and TiO 2 or Pt/TiO 2 coated photoreactor was revealed to be effective for experiments conducted at relatively short detention times. The increase of UV light intensity, retention time of gas flow in annular photoreactor can enhance the decomposition and mineralization rates of IPA. However, both the apparent quantum yields of IPA decomposition and CO 2 production were decreased. The photocatalytic decomposition of gaseous IPA and apparent quantum yields of IPA decomposition along the annular reactor at various operating conditions can be well modeled by the proposed design equation combined with the Langmuir-Hinshelwood surface kinetics. The methodology of this model seems to be reasonable and can be applied for various photoreaction systems. Although more verification is needed, we believe that these findings are valuable for future applications of photocatalytic processes. 
Nomenclature

